Abstract: Thioacids derived from N-protected amino or dipeptide and tripeptide acids undergo facile N-acylation with aromatic amines to afford N-protected amino or peptide aryl amides in good to excellent yields and enantiopurities. The method also furnishes difficult-to-prepare N-Fmoc amino acid 4-nitroanilides in good yields. This simple oxidative N α -acylation of thioacids with aromatic amines proceeds in the presence of iodine, 1-hydroxybenzotriazole and N,N-diisopropylethylamine at room temperature in tetrahydrofuran.
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Hence, there has been significant research on the development of novel and efficient methods toward the formation of amides. 2 The most popular strategy for the generation of amide bonds relies on the reactions of activated carboxylic acids with amines. 3 However, studies have also been directed to the use of thioacids as efficient acylating agents. 4 Thioacids have been used as precursors to thioesters, which participate in ligation reactions in the chemical synthesis of proteins. 5, 6 Due to the challenges in preparing thioesters (especially in Fmoc chemistry), 7 research has focused on N-protected amino/peptide thioacids as alternatives to thioesters in native chemical ligation. This is not only because of their easy preparation, but also on account of the numerous advantages over their carboxylic acid (RCOOH) counterparts, such as solubility, acidity and enhanced nucleophilicity. 8 Thus, amino/peptide thioacids have been the subject of major endeavors devoted toward the chemical assembly of polypeptides and a variety of proteins. 9 Thioacids, similar to oxo-acids, do not undergo acylation directly with amines; they need to be activated prior to treatment with an amine. Importantly, the activation of a thioacid is very mild and does not require any coupling reagent, 10 and sometimes not even a base. 11 Such inherent advantages of thioacids have been explored for the preparation of amides 12 and peptidomimetics. 13 Among pharmaceutical compounds possessing amide bonds, aryl amides are an example of carboxamides, which have generated significant interest in varied applications. 14, 15 Substituted aniline derivatives, in particular those possessing electron-withdrawing groups, do not undergo straightforward condensation with carboxylic acids. Therefore, a number of strategies have been developed for the synthesis of C-terminal amino acid or peptide acid aryl amides (Scheme 1). Aryl amides of tert-butoxycarbonyl (Boc) or benzyloxycarbonyl (Cbz) amino acids are prepared from carboxylic acids via the mixed anhydride however, low yields of products were obtained.
We report herein a rapid, high-yielding and racemizationfree synthesis of aryl amides via iodine-mediated oxidative acylation of N-protected thioacids with substituted anilines. The protocol is compatible with the three commonly employed peptide protecting groups (Fmoc, Boc and Cbz), as well as several bifunctional amino acids, peptides and a diverse range of substituted aniline derivatives. In addition, N-protected amino acids such as serine, threonine and tyrosine have been converted into the corresponding aryl amides without protection of the hydroxyl group. Iodine is a cheap and easily available reagent, which has been used extensively in a number of reactions. 19 Danishefsky's group have previously reported the total chemical synthesis of complex glycoproteins via iodine-mediated oxidative acylation of amino and peptide thioacids. 9 In an earlier study, we prepared two dipeptides, Fmoc-(L)-Phg-Ala-OMe and Fmoc-(D)-Phg-AlaOMe, and studied their enantiopurities. 20 These results established that thioacids could be employed to acylate aryl amines at room temperature in the presence of iodine and 1-hydroxybenzotriazole (HOBt) (Scheme 2). On the basis of these studies, we initiated an investigation on the reaction of N-protected thioacids with aniline derivatives. The required N-protected amino and peptide thioacids 1 were prepared using our previously reported protocol. 20 We have also reviewed the advantages of propanephosphonic acid anhydride (T3P ® ) over other traditional coupling reagents in a variety of reactions. 21 Hence, a procedure involving T3P ® -mediated activation of a carboxylic acid followed by treatment with sodium sulfide (Na 2 S) was employed to prepare thioacids 1. Our study began with the condensation of Fmoc-Ala-SH (1a, R 1 = Me) with aniline in the presence of iodine and HOBt at room temperature in dimethyl sulfoxide (DMSO) as the solvent (Table 1 , entries 1 and 2). After five hours, the expected product 3a was isolated in a yield of 54-58%. Solvents including acetonitrile, N,N-dimethylformamide, dichloromethane and tetrahydrofuran were tested in this reaction (Table 1 , entries 3-7). Tetrahydrofuran was found to be the best solvent, leading to the desired product 3a in 91% yield in 30 minutes. The use of N-methylmorpholine (NMM) as the tertiary base had no beneficial influence on the reaction rate, therefore we used N,Ndiisopropylethylamine (DIPEA) as the base (Table 1 , entry 6). In order to ascertain the role of HOBt in the coupling reaction, a control experiment was carried out in which aniline was coupled to 1a in the absence of HOBt. Under these conditions, the product yield was reduced significantly to 58% ( Table 2 , entry 1), and the level of epimerization increased to 12%. Thus, HOBt played a vital role in suppressing racemization as well as increasing the yield. According to the mechanism established by Danishefsky 9 (Scheme 3), thioacylation can be achieved in dimethyl sulfoxide, even in the absence of iodine. Consequently, thioacid 1a was treated with aniline and HOBt in dimethyl sulfoxide ( Table 2 , entry 2), however, it was interesting to note that only 20% of the desired aryl amide 3a was detected after five hours. In contrast, thioacylation of 1a with aniline mediated by iodine and HOBt in di- methyl sulfoxide, led to an increase in the yield of 3a (Table 2, entry 3). Although, dimethyl sulfoxide assists in the formation of the intermediate diacyl disulfide, it is less efficient than tetrahydrofuran for formation of the O-benzotriazolyl (OBt) ester or amide product derived from the diacyl disulfide.
To demonstrate the scope of the optimized protocol, a series of N-protected thioacids was acylated with aniline Table 3 . It was found that the coupling of anilines with electron-donating groups gave the corresponding products in higher yields than those possessing electron-withdrawing groups. The aniline substrates containing ortho, para, and meta substituents had no effect on the product yield. Various Fmoc-, Boc-and Cbz-protected amino thioacids were well-tolerated under the optimized reaction conditions, leading to the desired aryl amides 3 in good to excellent yields. N-Protected amino acid 4-nitroanilides play a significant role in biology and medicine. 22 However, a number of the reported methods for their synthesis result in low yields. Despite the procedure employing phosphorus(V) oxychloride (POCl 3 ) giving 4-nitroanilides in almost 80% yield, 16g this reagent is not employed commonly as an acylating agent in peptide chemistry because of the inherent disadvantages associated with sensitive protecting groups. Thus, we focused our studies on the synthesis of Fmoc-protected 4-nitroanilides 4a-f via the condensation of Fmoc-protected amino thioacids with 4-nitroaniline. The products were obtained in satisfactory yields after recrystallization from diethyl ether-THF (Table 4) . Interestingly, the reaction occurred efficiently with sterically hindered amino thioacids such as Fmoc-Val, Fmoc-Pro and Fmoc-Aib, affording the corresponding 4-nitroanilides in high purities (as confirmed by HPLC analysis). Due to the wide functional group tolerance of the T3P ® -mediated thioacid preparation, 20 we also addressed the compatibility of the present protocol with unprotected bifunctional amino acids. For this investigation, thioacids derived from Fmoc-Ser, Fmoc-Thr, Fmoc-Tyr and FmocHis were employed without protection of the side chain functionalities. The aryl amides 5a-d derived from these thioacids were obtained in good yields (Table 5) . In order to broaden the scope of the present methodology, the synthesis of N-protected dipeptide and tripeptide acid aryl amides was carried out (Scheme 4). The required thioacids 6 were synthesized via T3P ® activation of the reScheme 3 A plausible mechanism for the formation of an amide bond using thioacids 
spective oxo-acids. In general, the reactions of peptide thioacids 6 with aniline derivatives were satisfactory, however, the reaction times were longer, taking up to an hour. In all cases, the peptidyl aryl amides 7 were isolated in moderate to good yields (Table 6 ).
In conclusion, a general and efficient synthesis of enantiopure N-protected amino/peptide aryl amides has been described. The coupling of N-protected amino, dipeptide and tripeptide thioacids with aniline derivatives occurs in the presence of iodine, HOBt and N,N-diisopropylethylamine at room temperature in tetrahydrofuran. The scope of this new protocol has been demonstrated using a variety of N-urethane protecting groups, and side-chain functionalized and sterically hindered amino acids.
All solvents were freshly distilled before use. Amino acids were used as received from Sigma-Aldrich. All the reactions were monitored by TLC using Merck precoated silica gel plates. Column chromatography was performed with Merck silica gel (200-300 mesh) at normal atmospheric pressure. Melting points were recorded on a Kofler hot block in open capillary tubes and are uncorrected. IR spectra were recorded on a Nicolet Impact 400D FT-IR spectrophotometer (KBr pellets, 3 cm -1 resolution). Optical rotation values were recorded on a JASCO P-2000 digital polarimeter.
1 H NMR (400 MHz) and 13 C NMR (75 MHz) were recorded on a Bruker AMX 400 MHz instrument with tetramethylsilane (TMS) as the internal standard. HRMS analyses were recorded on a Q-Tof Micromass spectrometer.
N-Protected Amino/Peptide Thioacids; General Procedure
To a soln of the appropriate carboxylic acid (1.0 mmol) and T3P ® (2.2 mmol) in anhyd MeCN (8.0 mL) was added Et 3 N (1.5 mmol) at 0 °C, followed by finely ground Na 2 S (3.0 mmol). The resulting mixture was stirred for 2-3 h until the reaction was complete (TLC monitoring), concentrated and then diluted with H 2 O. The mixture was acidified with aq citric acid soln (10%) and the product was extracted with EtOAc (10 mL). The organic layer was washed with H 2 O (2 × 10 mL) and brine (10 mL), and then dried over anhyd Na 2 SO 4 . The solvent was evaporated in vacuo to afford the corresponding amino thioacid in quant. yield.
N-Protected Amino/Peptide Acid Aryl Amides; General Procedure
To a stirred suspension of thioacid (1.0 mmol) in THF (5 mL) were added I 2 (0.6 mmol, 152 mg), DIPEA (1.2 mmol, 0.156 mL) and HOBt (2.0 mmol, 270 mg) at r.t., followed by the appropriate amine (1.1 mmol). The reaction mixture was stirred for 0.5 to 1 h as analyzed by TLC (until complete disappearance of the thioacid was observed). After the reaction was complete, the solvent was evaporated under vacuum and diluted with EtOAc (20 mL). The organic phase was washed with 10% HCl (2 × 10 mL), 1 N Na 2 CO 3 (3 × 10 mL), H 2 O (2 × 10 mL) and brine (10 mL) and then dried over anhydrous Na 2 SO 4 . The solvent was filtered and evaporated under reduced pressure. The crude reaction mixture was purified under column chromatography using hexane-EtOAc (7:3) as the eluent to afford the desired product. 
